Objective: The present study was designed to determine in rats fed high cholesterol diet whether serum cholesterol concentration and its distribution in lipoprotein fractions could be improved by sardine (Sardina pilchardus) and sardinelle (Sardinella aurita) protein hydrolysates. In addition, lipid peroxidation in different lipoprotein fractions and in two target tissues of atherosclosis and their antioxidant enzymes activities were also evaluated. Materials and Methods: Eighteen adult male Wistar rats (350 ± 15 g) fed 20% casein with 1% cholesterol were divided into three groups. Group I and Group II were designated as 'sardine' and 'sardinelle' groups received 300 mg of the respective fish protein hydrolysates for 14 days by oral gavage while the third group received water in the same conditions and constituted the control group (CG). Results: Compared with CG, cholesterolemia was 1.7-fold lower in sardine and sardinelle groups. This was meanly due to their reduced low-density lipoprotein-high-density lipoprotein (HDL 1 )-cholesterol contents while those of HDL 3 were enhanced. Thiobarbituric acid reactive substances contents were found to be lowered in red blood cells (RBC), heart and aorta of sardine and sardinelle group rats compared to CG. In the same groups, paraoxonase activity was also higher than CG. RBC and heart superoxide dismutase activity was higher in sardinelle group versus CG. In aorta, glutathione peroxidase activity was higher in both sardine and sardinelle groups. Glutathione reductase activity in RBC and aortic tissue was also increased in sardine and sardinelle groups. Conclusion: Sardine and particularly sardinelle protein hydrolysates could be considered as two bioactive ingredients with a potent cholesterol-lowering effect accompanied by efficient decrease in lipid peroxidation in serum and target tissues, related with increased antioxidant enzymes activity in rats fed a high cholesterol diet.
INTRODUCTION
The beneficial health effect of dietary fish intake has been known for decades. The low incidence of cardiovascular disease among populations consuming fish rich diets has been attributed to a greater proportion of omega 3 polyunsaturated fatty acids in fish oil. The mechanism for the cardioprotective effect of fish intake may include anti-arrhythmic, antithrombotic, anti-inflammatory and hypotensive effects, and improved endothelial function; reduction of atherosclerosis plaque and antilipemic action [1, 2] .
Similarly, proteins and particularly their hydrolysates from different fish species have been proved to reduce serum cholesterol level in laboratory animals or human when compared with casein [3] . Hosomi et al. [4, 5] have shown that dietary fish protein decreased serum and liver cholesterol contents. Moreover, Mellouk et al. [6] have also demonstrated in rats that sardine protein diet decreased significantly serum unesterified cholesterol, triacylglycerols (TG), very low-density lipoprotein (VLDL) and LDL mass with increase in high-density lipoprotein (HDL 2 ) mass.
In the same way, several studies have indicated that protein hydrolysates can play a role as a cardioprotective by reducing serum cholesterol level and increasing cholesterol (C)-HDL [7] . Indeed, Khaled et al. [8] showed previously that supplementation of sardinelle protein hydrolysate to cholesterol-containing diet reduced significantly total cholesterol (TC), TG and C-LDL and increased C-HDL. These hypocholesterolemic and hypotriglyceridemic effects had been partially attributed their role in up-regulating the expression of LDL receptors and downregulation of TG synthesis. In addition to their effects on gene expression, protein hyrolysates exhibited hypocholesterolemic activity by binding bile acids neutral sterols excretions in the intestine leading to increased fecal removal of cholesterol from diet [7] .
Oxidative damage was also a major contributor to cardiovascular disease development. Indeed many studies showed that experimental hypercholesterolemia lead an accumulation of lipid peroxides in liver, blood and aorta of animals as well as in the same tissues in human and exhibited a variety of biological properties potentially implicated in atherogenesis [9] . The same author reported that these lipid peroxidation products associated with oxidized LDL (ox-LDL) resulted from decrease in the enzymatic antioxidant systems activity (such as superoxide dismutase [SOD] and glutathione peroxidase) in the hepatocytes, blood cells and aortic intima cells.
Recently, a number of studies demonstrated that protein hydrolysates derived from fish proteins were potential sources of antioxidant peptides [10] . Several antioxidant peptides from these protein hydrolysates have been isolated from fish processing by-products such as yellowfin sole skin gelatin hydrolysate, yellowfin sole frame protein hydrolysate, Alaska Pollack skin gelatin hydrolysate and Alaska Pollack frame protein hydrolysate [11] . The exact mechanism by which peptides display antioxidant activity is not fully understood. However, it has been shown that protein hydrolysates and peptides can act as radical scavengers, as well as transition metal chelators and exert antioxidant activities against enzymatic (lipoxygenase-mediated) and non-enzymatic peroxidation of lipids [10, 12] . It has been also reported that enzymatic (SOD, catalase, glutathione peroxidase) and non-enzymatic antioxidant system (vitamin E, glutathione) was improved by peptides from loach [13, 14] . Khaled et al. [8] have reported that hypercholesterolemic diet supplemented with 10% sardinelle protein hydrolysates reduced the malondialdehyde (MDA) concentration and increased the antioxidant enzymes (SOD, glutathione peroxidase, and catalase).
The present study was designed to determine whether serum cholesterol concentration and its distribution in lipoprotein fractions could be improved by sardine (Sardina pilchardus) and sardinelle (Sardinella aurita) protein hydrolysates in rat model of hypercholesterolemia. Moreover, the potential anti-oxidant of these two fish protein hydrolysates was also assessed.
MATERIALS AND METHODS

Preparation of Fish Proteins
Fish protein was isolated from fresh muscle sardine (S. pilchardus) and sardinelle (S. aurita) obtained from a local fish market. Proteins purification was performed according to Guillaume et al. method [15] as detailed previously by Louala et al. [16] and the purity was estimated by their nitrogen contents, using mineralization followed by coloration with Nessler's reactive agent and ammonium nitrate as a standard. Then the values were multiplied by 6.25 to obtain proteins concentrations that represented at least 88% in purified sardine and sardinelle protein.
Fish Protein Hydrolysates
Sardinelle and sardine protein were suspended in distilled water (30% w: v) and hydrolyzed with Alcalase 2.4 L (Novozyme, Bagsvaerd, Denmark) under optimal conditions (pH 8 and 50°C) as previously detailed [17] . The hydrolysis was started by adding enzyme with an enzyme/substrate ratio of 3 U/mg protein and the pH of the mixture was maintained constant by continuous addition of 4 M NaOH solution. At a degree of hydrolysis of 8% [18] , the reaction was stopped by heating the solution at 80°C during 20 min to inactivate the enzyme. The fish protein hydrolysates were then centrifuged at 5000 g for 20 min to separate insoluble and soluble fractions. Finally, the soluble phase was freeze-dried using freeze dryer (ALPHA 1-2 model; Martin Christ GmbH, Osterode am Harz, Germany) and stored at −20°C for further use.
Animals and Dietary Treatments
Adult male Wistar rats (n = 18, Institut Pasteur, Algiers, Algeria) weighing 350 ± 15 g at the beginning of the experiment were divided into three groups of six rats and fed for 14 days a diet contained 20% casein diet supplemented with 1% cholesterol and 0.5% cholic acid [ Table 1 ]. Rats were kept in wire bottom cages with controlled temperature (24°C), humidity (60%) and lighting (12 h-cycles). They had ad libitum access to fresh food and tape water. The general guidelines on the use of "living in scientific investigations" [19] were followed and the protocol and use of rats were approved by our institutional committee on animals use (approval number 137 dated October 24, 2011). During the entire experimental design, the first group, designated as control (CG), was administered daily with 3 ml distilled water by oral gavage using a stainless steel feeding needle (Eickemeyer, Tuttlingen, Germany). The second and third groups, designated as 'sardine' and 'sardinelle' groups, were treated with 3 ml (100 mg/ml) of the respective fish protein hydrolysates. All animals were weighed, and food intake was measured from day 12 to 14 of the experiment.
Blood and Tissues Samples
After 14 days of treatment and overnight fasting, between 09.00 and 10.00 h, rats were anesthetized with sodium pentobarbital (60 mg/kg). The blood was collected from abdominal aorta and serum, obtained by centrifugation at 1,000 g and stored at −76°C until further analysis. Red blood cells (RBC) were separated by centrifugation and washed three times with 150 mmol NaCl. The washed cells were lysed in an equal volume of water and mixed thoroughly. Heart and aorta were also removed, washed with cold saline, quickly blotted in filter paper, weighed and immediately frozen at −76°C for subsequent analyses.
Serum and Lipoprotein Lipid Parameters Analysis
The technique used for serum lipoprotein fractions isolation and characterization has been previously detailed by Bouderbala et al. [20] . Serum VLDL and LDL-HDL 1 were isolated by precipitation using 2 M MgCl 2 and sodium phosphotungstate (pH 7.6) (Sigma-Aldrich Chemie, Taufkirchen, Germany) by the method of Burstein et al. [21] . HDL 2 and HDL 3 were separated by precipitation according to the method of Burstein et al. [22] using MgCl 2 and dextran sulfate (MW 500,000; Sigma-Aldrich).
Serum TC concentrations were assayed by enzymatic colorimetric method (CHOD-POD; Spinreact, Girona, Spain). Protein contents of serum and organs were estimated according to the method of Lowry et al. [23] using bovine serum albumin as a standard.
Oxidant Status Analysis
Serum and RBC lipid peroxidation were determined as described previously [16] according to the method of Quintanilha et al. [24] . In heart and aorta, lipid peroxidation was estimated according to Ohkawa et al. [25] technique; 0.2 ml from of each tissue homogenate (100 mg/ml) was incubated in stoppered tubes with 0.2 ml of 8.1% sodium dodecylsulfate, 1.5 ml of 20% acetic acid and 1.5 ml of 0.8% thiobarbituric acid at pH 3.5. After heating at 95°C for 60 min, tubes were cooled, and 1 ml of n-butanol was added. The mixture was then centrifuged at 100 g for 10 min, and the absorbance of the upper phase was measured at 532 nm. Lipid peroxidation was presented as thiobarbituric acid reactive substances (TBARS).
Lipid hydroperoxides were quantified using an assay based on the formation of a Fe(III) xylenol orange complex [26] . Tissues were homogenized (1:10 w/v) in ice-cold methanol, centrifuged for 5 min at 15,000 g and the supernatant was brought. 50 μl of supernatant were added to 0.25 mmol FeSO 4 , 25 mmol sulfuric acid and 0.1 mmol xylenol orange in a final volume of 1 ml. The mixture was incubated for 30 min at room temperature and absorbance measured at 580 nm. Blanks were prepared by replacing tissue extracts with water methanol. Lipid hydroperoxide content was expressed in mmol Eq cumene hydroperoxide (CuOOH)/ml of serum or RBC and μmol Eq CuOOH/g of tissue.
Antioxidant Enzymes Activities
SOD activity (SOD, EC 1.15.1.1) was evaluated by a commercial assay kit (Cayman Chemicals; Ann Arbor, MI, USA) by measuring the dismutation of superoxide radicals generated by xanthine oxidase and hypoxanthine. SOD activity was expressed as U/g protein (one unit was defined as the amount of enzyme needed to exhibit 50% dismutation of superoxide radical). Glutathione reductase activity (GSSH-Red, EC 1.6.4.2) was determined by a commercial kit (Cayman Chemicals) by measuring the rate oxidation of NADPH to NADP + ; one unit of enzyme reduces 1 μmol oxidized glutathione per min at pH 7 at 25°C. Glutathione peroxidase (GSH-Px, EC 1.11.1.9) was also measured by the Cayman kit that determined indirectly GSH-Px activity by a coupled reaction with GSSH-Red oxidized glutathione, produced upon reduction of hydroperoxide by GSH-Px, recycled to its reduced state by GSSH-Red and NADPH; one unit of GSH-Px was defined as the oxidation by H 2 O 2 of 1 μmol of reduced glutathione per min at pH 7 at 25°C. The reaction rate at 340 nm was determined using the NADPH extinction coefficient of 0.00622 μM −1
. One unit was defined as the amount of enzyme that will cause the oxidation of 1 nmol of NADPH to NADP + per minute at 25°C.
Catalase activity (CAT, EC1.11. Serum paraoxonase 1 (PON1) enzymatic activity was determined by spectrophometry with phenylacetate (arylesterase activity) as substrate according to the method described by Kuo and La Du [28] ; to measure this activity, 10 μl of serum were added to 1 ml of Tris HCl buffer (20 mmol; pH 8) containing 4 mmol phenyl acetate (Sigma-Aldrich) and 1 mmol CaCl 2 . The rate of hydrolysis was monitored by a spectrophotometer (Genway, London, UK) at 270 nm for 1 min at 25°C. After subtracting the non-enzymatic hydrolysis, enzyme activity was calculated from molecular extinction coefficient of the product, 1,310 M −1 cm −1 . One unit of PON1 activity is defined as 1 μM of phenol formed per minute. Inferred uric acid (UA) (Uricase-POD kit; Spinreact) and iron (Biolabo Reagents, Maizy, France) concentrations were determined in serum by enzymatic colorimetric methods.
Statistical Analysis
Data analysis was conducted using Statistica (version 4.1; Stat Soft, Tulsa, OK, USA). Values are means ± standard error of mean. Data were subjected to ANOVA and Duncan's multiple range tests [29] . Values of P < 0.05 were considered significantly different.
RESULTS
Body Weight (BW) and Food Intake
At day 15, BW and food intake were not significantly different in the three experimental groups [ Table 2 ].
Serum Lipid Concentrations
The effect of protein hydrolysates on serum lipid concentrations are investigated and reported in Table 3 . Serum TC and cholesteryl ester (CE) values were respectively 1.7-and 1.9-fold lower in rats treated with sardine and sardinelle compared with CG. In addition, triacyglycerols (TG) concentrations of sardinelle group were found 1.8-fold decreased in comparison with sardine and CG. Table 4 shows the cholesterol distribution in lipoprotein fractions. TC, VLDL and HDL 2 contents were similar in the three groups. However, with fish hydrolysates, LDL-HDL 1 values were respectively 2.4-fold lower whereas HDL 3 values were 1.4-fold higher than those of CG. Compared with the untreated group, atherogenic index was significantly reduced with sardine and sardinelle groups.
Lipoproteins Cholesterol
Lipid Peroxide Contents
Serum, RBC, lipoproteins, heart and aorta TBARS concentrations are presented in Table 5 . In brief, RBC TBARS concentrations were respectively 1.4-and 1.5-fold lower in sardine and sardinelle groups, but in serum, only sardinelle reduced TBARS concentrations. In HDL 2 , HDL 3 and LDL-HDL 1 fractions, TBARS contents were reduced in the two treated groups, and the lowest values were noted with sardinelle representing respectively 70%, 40% and 70% of control values. Furthermore, with sardine and sardinelle, TBARS contents in VLDL were respectively 1.24-and 1.4-fold lower than those of control values.
In tissues, the lowest TBARS concentration was obtained by sardinelle in heart. These values represented 18% of those of CG. These values were also significantly reduced by sardine compared with CG. Moreover, aortic tissue TBARS contents were reduced by 35% in the two treated groups.
Serum, lipoproteins, RBC, heart and aorta hydroperoxide contents are given in Table 6 . Compared with CG, the RBC hydroperoxides concentrations were respectively 1.3-and 2.2-fold decreased in sardine and sardinelle groups. In serum, VLDL, LDL-HDL 1 and HDL 3 values were respectively 1.3-, 2-, 2.7-and 1.3-fold lowered compared with CG. However, the contents in HDL 2 were similar in the three groups. In heart and aortic tissue, hyroperoxides values were similar in the sardine and sardinelle groups but respectively reduced by 34% and 46%, and 56% and 69% compared with untreated group.
Serum UA and Iron Concentrations
UA content was 1.4-fold reduced in sardinelle group compared with sardine and CG. Iron values were respectively higher by 71% and 76% in sardine and sardinelle groups versus CG [ Table 7 ].
Antioxidant Enzymes Activities
As shown in Table 8 , PON1 activity was respectively increased by 1.3-and 1.8-fold in sardine and sardinelle groups compared to CG. In RBC, CAT activity was respectively increased by 1.3-and 1.5-fold in sardine and sardinelle groups compared with CG. In heart, this activity was also significantly increased in these two groups versus CG. Compared with CG, CAT activity in aorta was respectively 1.2-and 1.4-fold higher in sardine and sardinelle groups.
SOD activity in RBC was respectively increased in sardinelle group by 24% and 27% compared with sardine and CG, respectively, in aorta, this activity was also significantly higher by 2.5-and 3-fold in sardinelle group compared with sardine and CG, respectively. Moreover, SOD activity in heart increased by 40% in sardine group compared with CG.
In RBC, GSH-Px activity was increased respectively by 36% and 40% in sardine and sardinelle groups compared with CG. In heart, this activity was similar in the three groups. In aorta, this activity was 1.7-and 14-fold higher in sardine and sardinelle groups compared with the untreated group. Furthermore, GSSH-Red activity in RBC was respectively 1.5-and 2-fold higher in sardine and sardinelle groups compared with CG. In heart, this activity was increased respectively by 1.4-and 1.6-fold in sardinelle group compared with sardine and CG. In aorta, the lowest GSSH-Red activity was found with CG; compared with this group, GSSH-Red activity was respectively 30% and 51% higher in sardinelle and sardine groups.
DISCUSSION
In the present study, BW and food intake did not significantly affected by sardine or sardinelle protein hydrolysate treatment. This indicated that sardine and sardinelle treatment did not change nutritional efficiency of diet consumed by rats. These results were in agreement with those of Hosomi et al. [4] who did not found any significant difference in weight, relative weight and food intake between Allaska Pollack peptides and casein diets in rats fed cholesterol-enriched diet. However, Bougatef et al. [30] found that the sardinelle protein hydrolysates reduced BW and food intake. The possible explanation for this discrepancy could be due to the fact that in the present protocol design, sardine and sardinelle proteins hydrolysates were administered only for 28 days while Khaled et al. [8] used a longer period (7 weeks).
In the present study, we have tested the hypocholesterolemic properties of sardine and sardinelle in a hypercholesterolemic rat model by determining TC and its distribution in different lipoprotein fractions. Our results indicated that sardine and 
Control
Sardine Sardinelle sardinelle treatments showed a serum cholesterol-lowering effect. This reduction of serum TC in rats fed sardine and sardinelle can be mostly due to a decline of C-LDL-HDL 1 and improvement of C-HDL 3 concentrations. These results were consistent with those of Hosomi et al. [4] , Khaled et al. [8] and Liaset et al. [31] . Further, this decrease could be explained by the fact that fish hydrolysates can reduce the cholesterol absorption from intestine and could have capacity to inhibit intestinal absorption of bile acids and neutral steroids and to improve hepatic cholesterol 7α-hydroxylase activity [32] . A second explanation could be suggested that sardine and sardinelle can proceed by decreasing 3-hydroxyl-3-methyl-glutaryl-coenzyme A (HMG CoA) reductase activity which caused a reduction in cholesterol biosynthesis [4] .
The decreased TC levels noted with sardine and sardinelle groups were associated with a reduction of C-LDL-HDL 1 value (by 58%) which may suggest also that sardine and sardinelle protein hydrolysates can treat hypercholesterolemia by stimulating LDL receptors activity. The second explanation was reported by Staels and Fonseca [33] , who showed that higher cholesterol 7α-hydroxylase activity and conversion of hepatic cholesterol consequently decrease hepatic cholesterol level and improve the LDL receptors activity that reduce cholesterolemia. In addition to a significant decrease in C-LDL-HDL 1 , TC/C-HDL ratio (atherogenic index) was reduced in treated groups compared with CG. Our findings are in line with those of Wergedahl et al. [1] who reported that TC/C-HDL ratio was decreased in hypercholesterolemic rats fed fish protein hydrolysates compared with those fed casein. Also, Khaled et al. [8] confirmed that sardinelle protein hydrolysates involved a decrease in C-LDL-HDL 1 /C-HDL ratio compared to casein.
The production of reactive oxygen species (ROS) such as superoxide anion and hydrogen peroxide has long been proposed as leading to random deleterious modification of macromolecules with associated progressive development of atherosclerosis, diabetes, cancer, neurodegeneration and aging [34] . Nevertheless, it is important to emphasize that the formation of these ROS do not conditionally lead to random macromolecular damage. Indeed, under normal physiological conditions their production is actually regulated consistent with their second messenger roles [35] .
We have previously demonstrated that hypercholesterolemia was associated with the deterioration of antioxidant status, resulting from increased MDA levels and decreased antioxidant enzyme activity [36] ; in our experimental design, we studied whether deterioration of antioxidant status associated with hypercholesterolemia was corrected by fish protein hydrolysates. In the present study, results showed that sardine and particularly sardinelle decreased TBARS and hydroperoxides in serum. This reduction that probably reflected the lower contents of these products in VLDL and LDL could be explained by the fact that sardinelle treatment and sardine to a lesser extend reduced CE (the main pool of TC) known to produce CE hydroperoxides [37] .
Besides the key role of HDL particles in the regulation of cholesterol homeostasis by enhancement of reverse cholesterol transport, it was recognized that HDL also exhibited antioxidant and anti-inflammatory properties that participate in its general antiatherogenic effect [38] . This antioxidant ability of HDL was probably due to the apolipoprotein moiety and to the presence of associated enzymes like PON1. However, under oxidative stress (such as high-cholesterol diet), PON1 may be inactivated by S-glutathionylation. This inactivation was associated with the formation of a mixed disulfide between the cysteine residue of PON1 and oxidized glutathione [39] . In the present study, sardine and particularly sardinelle improved PON1 activity. This was probably due to an over-activation of glutathione oxidation/reduction cycle resulting from an efficient reduction of glutathione by GSSH-Red. Thus, these fish protein hydrolysates and particularly those of sardinelle protected VLDL and LDL against oxidative damages resulting from the high-cholesterol diet by improving PON1 activity and thereby protect against the induction of inflammatory responses in arterial wall cells.
RBCs that were particularly affected by oxidation of polyunsaturated fatty acids in membrane phospholipids caused their degradation and fragmentation [40] . In a prospective study of patients with coronary artery disease, low GSH-Px activity in erythrocytes was associated with an increased risk of cardiovascular events independent of traditional risk factors or atherosclerosis [41] . In our experimental design, we noted that sardine or sardinelle treatment reduced lipid peroxides and hydroperoxides in RBC of rats fed a cholesterol diet. This could be due to the fact that these fish protein hydrolysates prevented probably their oxidation [40] by enhancing SOD and GSH-Px activities. Additionally, the beneficial effects of sardine and sardinelle did not limited to RBC, but they also improve SOD and GSH-Px activities in aorta and heart. These results suggested that sardine and sardinelle protein hydrolysates protected these two target tissues against high cholesterol diet by reducing tissue and serum lipid peroxidation and cholesterolemia.
Furthermore, to verify how these fish protein hydrolysates exhibited their effect on antioxidant status, non-enzymatic antioxidants such as iron and UA and antioxidant enzyme activities such as GSH-Px, CAT and SOD were determined in heart and aorta. Our data showed that UA concentrations were lower, while iron concentrations were higher in sardine and especially in sardinelle groups. In fact, it has been showed that UA can remove free radicals produced by cellular stress. In this context, Waring et al. [42] suggested that UA represent an important antioxidant factor able to eliminate 60% of free radicals.
It has been reported that CAT and the GSH-Px system play key roles in the modulation of the H 2 O 2 second messenger system. Indeed, these molecules were essential for normal metabolic and physiological function [35] .
In this work, SOD that scavenged efficiently ROS overproduction by catalyzing the dismutation of superoxide to H 2 O 2 , concomitantly with CAT and GSH-Px that play a key role in H 2 O 2 catabolism and the detoxification of peroxides and hydroperoxides were differently improved by sardine and sardinelle. Indeed, the highest activity of GSH-Px was obtained with sardine, whereas that of CAT was obtained with sardinelle. This suggested that these fish protein hydrolysates acted probably through different mechanisms. These changes that could explain the lower lipoprotein lipid peroxidation were consistent with those of Khaled et al. [8] who showed in rats fed cholesterol-enriched diet that GSH-Px activity was significantly higher with sardinelle protein hydrolysates and with those of You et al. [13] who showed that peptides from loach (Misgurnus anguillicaudatus) reduce oxidative stress in vivo by increasing the SOD and CAT activities. Additionally, heart and aortic tissue GSSH-Red activities that increased concomitantly with GSH-Px in treated groups indicated that glutathione oxidation/reduction cycle was stimulated by sardine and sardinelle for an efficient scavenging.
In addition, the protective effects of these two fish protein hydrolysates could probably implicated the regulation of antioxidant enzymes at the transcriptional level such as NF-E2-related factor 2 (Nrf2). Indeed, it has been reported that Nrf2 activation and induction of downstream antioxidant genes conferred protection against oxidatives stress in cardiomyocytes and vascular smooth muscle cells and inhibited vascular inflammation [43] . Thus, a possible absorption of bioactive peptides providing from sardine and sardinelle could have activated nuclear transcription factors that consequently up-regulated the expression of antioxidant enzymes, thereby ameliorated redox status.
In conclusion, sardine and particularly sardinelle protein hydrolysates prepared by in vitro digestion reduced cholesterolemia in the present rat model of hypercholesterolemia. This lowering effect was mostly due to a decline of the atherogenic lipoprotein (C-LDL-HDL 1 ). Additionally, lipid peroxidation in serum, heart and aorta mediated by highcholesterol-diet was reduced by these fish protein hydrolysates and particularly by those of sardinelle. These results suggest that these components can protect efficiently these two target tissues of atherosclerosis against the deleterious effects of the lipid peroxidation by improving their antioxidant enzymes activities. Thus, sardine and especially sardinelle protein hydrolysates may have great potential for use as a nutraceutical to reduce hypercholesterolemia and by consequence oxidative stress.
